Introduction
Farmers are facing considerable problems with liquid manure. An expanding part of the manure in farming is handled as liquid. This has now, according to Knudsen, 1 reached more than 50% of the total manure in Denmark. This method of handling offers some advantages in animal houses but causes problems outdoors in the further use of the manure. The concentration of nutrients has a large variation depending on the type of manure and water added, but is very low compared with solid manure and fertilizer. This means that, relative to its fertilizing value, a considerable volume has to be stored and later handled in the field.
In Denmark, the environmental laws Miljøministeriet 2 require that farmers with more than 30 animal units (an animal unit is equivalent to one dairy cow or eight fattening pigs) must establish storage capacity for nine months of manure production. Fulfilment of these regulations requires a large investment in tank capacity. Therefore, there is interest among farmers in reducing the volume of liquid manure to a solid fraction having less volume but substantial concentration of nutrients. The extracted water fraction should have a low nutrient content and be suitable for irrigation onto fields during processing. Several machines and methods have already been developed for separating liquid manure. However, the problem is that both the solid and the liquid phase after mechanical separation still contain volatile solids as well as ammonium. It is therefore necessary to treat both phases as solid and liquid manure, respectively. No immediate effect is achieved by mechanical separation.
The object of the present work was to investigate the possibility of segregating liquid manure in a way such that all the nitrogen is transferred to a thick slurry phase. Then the liquid phase, which has the largest volume, can be spread on fields during most of the year without causing environmental problems. In Denmark it is acceptable to spread up to 40 kg N (nitrogen) per ha during the period 1 September-15 March (Miljøministeriet 2 ), that is to say, up to 500 m of purified liquid manure per ha with a nitrogen content of 80 mg/l (p.p.m. of w/v). If the liquid part is purified according to Danish regulations for sewage works ( (8 p.p.m.) , direct discharge to watercourses may be possible.
After separation, it is possible to apply the concentrated dry matter and nitrogen-rich fraction during the growing season and thus obtain the best utilization of the manure by the crops. The amount to be spread is reduced, compared with the usual practice, but provides the same amount of nutrients. This means less damage caused by heavy transport in the field, and less work for the farmer, when he has to bring out manure at a busy time at the beginning of a growing season. In this way, farmers will secure better efficiency of the use of manure in their fields.
Literature review

Flocculation
Liquid pig manure separates naturally by gravity into three fractions in a manure storage tank: a floating layer, a liquid fraction and a sediment but the liquid fraction still contains some volatile solids, according to Martinez et al. 3 These authors investigated sedimentation by aerobic treatment and dilution with water. If volume reduction is wanted the liquid fraction has to be delivered to the field immediately.
Another method is to use different additives, called flocculating agents, which make it possible to gather the volatile solids around these agents as a flock such that these flocks sink slowly to the bottom. In sewage works, synthetic flocculating agents are used. Heilmann-Clausen et al. 4 recommend a montmorillonite material, a species of clay named bentonite, which was common in the Palaeocene and Eocene geological period. Lefond 5 mentions that bentonite is found all over the world.
Van Olphen 6 explains the physical effect of flocculation in the following way. If two colloids (e.g. the bentonite particles and the organic matter) are squeezed together, they will at first repel one another but if they are pressed further, they will attract each other and stick together. This is due to the fact, that the charges in the electrical double layer of the two particles are both positive and therefore repel each other. The van der Waal attraction forces are present, but do not act far from the particle. When the colloids are squeezed closely together, the attraction forces of the particles overcome the repulsion forces, thus keeping the particles together. This is one of the mechanisms of flocculation and aggregate formation in the soil. Van Olphen 7 stated that in a suspension of water, the same attraction of clay colloids is achieved by increasing the salt concentration in the soil liquid.
The rate of sedimentation is dependent on the frictional resistance of particles in liquid manure and can be explained by Stoke's law with some approximations:
where M is the frictional resistance, the dynamic viscosity, r the radius of colloid, v the velocity and the density. The conditions of Stoke's law are that there is no Brownian movement, a relatively small rate of sinkage, spherical smooth particles and stagnant liquid.
These conditions are only partly fulfilled, since the flocks cannot be regarded as ball-shaped smooth particles. However, the liquid is stagnant and the sinking velocity small, and Brownian movements take place while flocks are forming, but it gives an idea of what parameters are of importance for flocculation rate. In spite of the lack of fulfillment of the conditions, the following can be stated.
1. The sinking velocity increases with the square of the radius of the flocks. 2. The sinking velocity increases in direct proportion to the difference between the density of the liquid manure and the flocks. The sedimentation velocity is increased by lower dry-matter content. The amount of gas trapped in the flocks must be of great importance for the sedimentation, as the gasses lower the density of the flocks. 3. The sinking velocity increases proportionally with a decrease in viscosity.
Ion exchange
Even if all volatile solids could be removed, the liquid would still contain inorganic matter, mainly sand, clay and dissolved inorganic compounds such as ammonium and the acceptable limit depends on crop and time of the year to irrigate. If irrigation is done in winter (1 September-15 March) in Denmark the limit is 40 kg N per ha. Other countries may have other rules. If the ammonium content in the liquid is too high to be spread on the field it may be removed by ion exchange. Many different natural and synthetic products show ion-exchange properties. The general structural principle, a framework with electric excess charge and mobile counterions, is common to all ion exchangers. According to Helfferich 8 most natural ion-exchange minerals are crystalline alumosilicates with cation-exchange properties. Characteristic representatives of this group of materials are the zeolites. Zeolites are a group of minerals with a very open structure and high cation-exchange capacity (CEC value) allowing specific exchange of sodium or calcium ions for ammonium ions. They include minerals such as analcite
O. All these materials have a relatively open threedimensional framework structure with channels and interconnecting cavities in the alumosilicate lattice. Jørgensen et al. 9 have measured data for the effect of clinoptilolite, which is a sodium-calcium-aluminium silicate, which possesses ion-sieve properties to allow Spitz 10 has patented a method for conversion of biological waste, especially ammonium-saturated liquid manure, into an almost odourless manure material with less pollution of the subsoil water. This is obtained by absorbing the ammonium of the liquid manure in a clay mineral by a crystal lattice with a negative excess charge. The result is a soil-like material with mould-like consistency. The ammonium bound in the clay mineral is decomposed slowly by the soil bacteria and added to the soil as nutrient. Spitz 10 recommends the use of bentonite as an ion exchanger.
Spitz's method is as follows. The liquid manure is aerated in a stirring device, which causes the liquid manure to be heated through biological action, thus reducing pathogens and smell. Then bentonite is added under further stirring, and the mixture is allowed to stand until it has reached sorption balance within about 24 h. Finally, a solid fraction is separated from the liquid in a decanting centrifuge. The linkage of the ammonium to the crystal lattice becomes most active, when the clay material is supplied in two separate amounts rather than a single one.
Spitz 10 also stated that 1 g of bentonite is able to bind one milliequivalance cation, e.g. 18 mg of ammonium or 20 mg calcium. The binding of ammonium to the crystal lattice of the clay mineral is so strong that it can no longer be washed out by rain.
Concerning the soil, Buckman and Brady 11 stated that the chemical and physical properties are controlled largely by clay and humus. They act as centres of activity around which chemical reactions and nutrient exchanges occur. Furthermore, by attracting ions to their surfaces, they temporarily protect essential nutrients from leaching and then release them slowly for growing crops. Because of their surface charges they also will act as ''contact bridges'' between larger particles, thus helping to maintain the stable granular structure so desirable in a porous, easily worked soil.
Adding bentonite will therefore benefit the soil and increase the soil's ability to bind ammonium from water and release it again to the plant roots or microorganisms. The same applies to zeolites but they are rather expensive to spread on soil.
Experimental details
Flocculation
The purpose of these experiments was to decide the type and quantities of flocculating agents to be used and which treatment (ultrasound, pumping, shaking, stirring) the liquid manure should be exposed to between or during the treatment, including the number of treatments necessary. For each of all these flocculation treatments, a 5 l sample was taken and divided into five 1 l measuring glasses.
After 30 min, changes in the liquid was observed for colour and transparency at different heights. At same time, the first samples were taken for analysis of total dry matter (drying for 24 h at 103°C according to ASAE 12 ), volatile solids (burning the dry samples at 600°C) and total N (Kjeldahl) content in one of the measuring glasses. Samples were taken at ten different heights. After 60 min, the colour was observed again and samples taken in the same way as mentioned above in one of the four remaining glasses. The same procedure was done after 2, 4 and 24 h for the remaining three glasses, respectively.
Ion-exchange experiments
Dynamic measurements
The flocculated liquid was passed through an ion-exchange column ( Fig. 1) at constant flow. The flow was adjusted by a control valve and the rate was measured by a drop counter and checked regularly during the experiment. After every 50 ml passed through, the time was recorded and these values were used for calculation of the flow rate. Three flow rates, 0)125, 0)25 and 0)55 ml/s, and two sizes of ion-exchange particle, 1-1)4 and 2-4 mm size were investigated.
From the liquid, samples of 100 ml each were drained from the ion-exchange column at the four outlets. The first sample was drained at position 1 and thereafter the outlet was closed. The next sample was drained
Fig. 2. Measuring glasses for determination of flocculating boundaries: (a) is the initial situation; (b) after 30 min; (c) after 1 h; (d) after 2 h; (e) after 4 h; and (f ) after 24 h
immediately after from position 2 and so on. After draining from position 4, two additional samples were taken, also 100 ml each from position 4 for measuring the increasing saturation of the ion exchanger in order to gauge for how long it would work and when the ionexchange medium would need to be renewed.
Static measurements
The ion-exchange capacity was measured for a number of clay types and other ion exchangers. It is not possible to measure ion-exchange capacity for clay types such as bentonite using the dynamic method as described previously. Zeolites such as clinoptilolite are sand-type ion exchangers, which drain freely according to the dynamic procedure, but this will not work for clays. To make a comparison of these, otherwise not comparable materials, static measurements were carried out.
The flocculated liquid was poured into a cup with ion-exchange material allowing a contact time of up to 60 min. Then the liquid was replaced with fresh untreated liquid and the procedure was repeated until the content of ammonium in the liquid did not change. The capacity of the ion exchanger was calculated using the results of N concentration measurements in the treated liquid.
Results and discussion
Flocculation
Several types of flocculating agents were tested, such as the soil minerals bentonite, kaolin, marl and clinoptilolite, and in addition the synthetic polyflocculents: Natriumpyrophosphate, Ekoflock, Magnaflock 140, Hercoflock 814 and Flygtol B 6017. From the beginning, it was evident that bentonite had the most promising characteristics, and at the same time it was the cheapest. Therefore, the major part of all tests was done using bentonite. Figure 2 shows an example with the five measuring glasses. Just after pouring the mixture of liquid manure and bentonite, all glasses were identical and uniform as shown in (a). After 30 min (b) the dry matter had stuck to the flocculation colloids and the sinking process had started. In the upper part of the glass, a clear slightly coloured liquid appeared. In the bottom the liquid was dark and opaque. There was a distinct boundary line or dividing line between the two fractions, and for a bentonite dose of 0)4%, 360 ml was read in all five glasses.
Measurements at different heights in the upper fraction showed that the content of total dry matter, volatile solids and nitrogen was the same at all heights. In % volatile solids a similar way, for the lower fraction, analysis showed uniform values except for the bottom layer which contained more dry matter. This is called sediment, but the boundary between the lower fraction and the sediment was not visually identifiable. After 60 min (c) the boundary line between the two fractions had sunk to 290 ml for the 0)4% dose and this continued at 2 h (d), 4 h (e) and 24 h (f ). After 24 h most of the lower fraction had become sediment as shown in Fig. 2 at (f ) .
A bentonite dose of 0)1% created no distinct boundary line at first. The flocculation was weak and undefined, but it could be observed and therefore it is presented in Fig. 3 together with results for doses of 0)2, 0)4, 0)8 and 1)6%. The conclusion is that 0)1% is too small a dose, but all higher doses result in very sharp boundary lines. At 0)2% dose the sediment is less than for higher doses and therefore is the most promising. Higher doses add only more dry matter to the liquid manure and increase the sediment volume, which is undesirable.
The measuring glasses were 350 mm high, and this correspond to 1000 ml on the scale. After 30 min the value of the height of the boundary for 0)2% dose was 150 ml equivalent to 53 mm height. It gives a sinking velocity for the boundary of the flocks of 0)17 mm/s. In the same way the sinking velocity of the flocks was calculated for other doses, see Fig. 4 . It can be seen that the higher dose gave a lower sinking velocity. Figure 5 shows the content of volatile solids and the total content of dry matter in the clear fraction (upper) after a 24 h treatment as a function of bentonite dose. An increased dose gave lower contents of both total and volatile solids. Figure 6 shows the content of dry matter in the lower fraction after processing in 24 h as a function of the bentonite dose. The dry-matter content increased with increasing dose, but if the amount of bentonite added is deducted, the dry-matter amount, as result of the flocculation from top to bottom, has an optimum at 0)8%, which is the maximum recommended bentonite dose. Figure 7 shows measurements of total N in the upper and the lower fraction. Increasing bentonite dose gave a slightly lower total N content in the upper fraction. Bentonite is an ion exchanger with high capacity, but the very small dose, which was used in the flocculation experiments, gave only a limited ion exchange. Preliminary experiments showed that a bentonite dose of 20% could reduce nitrogen content to 1 g/l. It was desirable to find one agent that would solve both the flocculation and the ion-exchange problems. Bentonite was the only possible, but it was given up because of the large sediment volume.
One hundred and fifty nine measurements were made on the five mentioned polyflocculents and all showed less flocculation action than the bentonites.
Flocculation measurements were made on liquid pig manure from 13 different farms. Fresh manure, and manure stored for 7 and 14 d, respectively, was tested. For the flocculation, nine clay types were investigated, all with five different doses and with different mechanical treatments. Different pH and temperatures were also investigated.
The mechanical treatment turned out to be of great importance in order to achieve good flocculation. Different types of pumps and variants were used with and without cavitation plates in the tubes. Experiments were also carried out by whisking the compound (stirring) and by tumbling glasses containing liquid manure. Among the different investigations a ''short circuit'' centrifugal pump as mixer (Fig. 8) gave the best treatment because it neither disintegrated the clay too much so that the sedimentation was too slow, nor too little, which means that sedimentation of clay occurs but no flocculation. Ultrasound was given up because it disintegrated the clay too much.
If the disintegration of the clay colloids is too effective, the volume of the sediment will be too voluminous and it will take a long time before the dry-matter content of the sediment is suitably high (5-8%). If the disintegration is insufficient, it will be necessary to use a larger quantity of clay mineral to obtain an effective flocculation. This may in some cases cause an increased volume of sediment.
To increase the flocculation, a moderate stirring of the liquid manure was tried after incorporation by pumps. The idea was that the weak movements should create collisions, which according to Koenigs 13 are necessary for flocculation. However, no effect was observed, so stirring in the sedimentation tank was abandoned. The Brownian movements in the liquid and the movements caused by sinking macromolecules (dry matter) are probably sufficient for flocculation. The experiments showed that the quantity of smectite in the clay turned out to be of great importance for the flocculating characteristics of bentonite and other clay minerals. Furthermore, the grain-size distribution in the smectite is decisive for the velocity of sedimentation and dry-matter percentage in the sediment. Apart from the smectite content, other factors may affect flocculation. For example, a small amount of jarosite will prevent flocculation.
During our experiments, we learned that other types of clay than bentonite may prove to be good flocculating agents. For instance, some types of marl gave results comparable with bentonite, see Table 1 . The only disadvantage is that marl is inactive if it is aerated. We have found a marl type from the Soevind formation which performs just as well and reliably as bentonite with high smectite content.
Further experiments with addition of clay-containing smectite have shown that it is possible to operate with only two flocculation steps to bring the dry-matter As bentonite swells very much, it will be disadvantageous to use it in large quantities, although the problem of ion exchange was solved at the same time. Spitz 10 worked in that way.
Swelling results in large quantities of sediment and this causes significant additional expense to bring the thick fraction out onto the field. Swelling experiments were made with five soil minerals with an average of 20 precipitations per material. Bentonite and marl swell twice as much as kaolin, whereas clinoptilolite does not increase the volume of sediment as shown in Table 2 . In addition, clinoptilolite has a large ion-exchange capacity which gives more acceptable results. Table 1 presents the volume of sediment in ml of a 1000 ml sample by flocculating with various species of clay for 4 h. It is stated for how many days the clay was suspended before it was used, next the volume of sediment for dosing of 0)1, 0)2, 0)4 and 0)8%, respectively, and finally, the cation-exchange capacity (CEC) in order to compare the flocculation and ion-exchange characteristics. The CEC values are in terms of equivalent ammonium ions in water and expressed as NH> in water (eq/kg). For practical reasons the measurements were carried out on ammonium in water. This will give an absolute error, since ion exchange of ammonium should be measured in liquid manure, but it was done to simplify, and a comparison is adequate. Minerals 1-7 are various bentonites, 8 and 9 are marls. Final tests were made with three zeolites 10-12. If the volume of sediment is uncertain (less than 60 ml/l) it is stated in brackets. If no distinct flocculation border occurred but only sporadic flocculation, it is indicated by dashes, while an empty space indicates that no test was made.
Results from Table 1 show that the flocculating agent must be suspended at first, as dry clay never will give flocculation. Furthermore, it is seen that 0)1% addition gave flocculation of some liquid manures but not all, whereas 0)2% gave flocculation of all kinds of pig manure with some of the bentonites, first of all the Geko-bentonite. These are the types to be recommended, because it is preferable that the volume of sediment should be as small as possible, which is why 0)4-0)8% is less attractive than 0)2%, and that 0)2% of Olst 11 suspended for 29 d is the best flocculant for liquid pig manure in general. The zeolites did not swell in water and because they, like clay, do not flocculate in dry condition, the zeolites are of no interest as flocculating agents.
It was observed that fresh liquid manure gave certain problems for the flocculation process, and therefore we made a series of experiments to illustrate how and for how long the manure should be aged (stabilized) before treatments start. The experiments gave the following results.
With fresh manure, there was no sedimentation, with or without addition of clay. After 7-14 d of stabilization, there was some ''spontaneous'' sedimentation without the addition of clay but a great deal of the dry matter was precipitated by the addition of clay. After 14 d of stabilization, precipitation continued, without clay addition, but with clay addition, most of the dry matter was precipitated in a few hours, after bentonite treatment.
Observations of the influence of pH on the sedimentation process showed that it works faster in the beginning at low pH, but after 24 h there is no difference. Because it is desirable to flocculate in less than 24 h, low pH is of interest but it seems too expensive compared with the advantages. An attempt was made to lower the pH by means of microorganisms and the flocculation process was slightly improved, but the results were of no interest for practical use. Strong acid performs best [80 ml of 1 N acid (HCl) per litre of liquid manure].
Observations of the influence of temperature showed that the sedimentation functions best at low temperature (5-10°C), but the reduction of dry-matter content in the upper thin fraction is better at higher temperature (about 50°C) because of the higher velocity of decomposition.
Ion exchange
The above experiments showed that it is necessary to use a significantly larger quantity of bentonite to achieve a sufficient ion exchange than is necessary to obtain good flocculation. Therefore, it was necessary to find some other suitable ion exchangers that could treat the liquid manure that was already purified for dry matter.
Dynamic measurements on clinoptilolite
Interest was first concentrated on clinoptilolite, on which dynamic experiments were made to find not only the CEC value, but also the speed of exposure (contact time). The initiating experiments were made with an ion-exchange column of clinoptilolite as in Fig. 1 . The particle size was 2-4 mm, the specific gravity about 0)75 kg/l, and the pore volume about 64%. The volume ratio between clinoptilolite and flocculated liquid was 1 : 1. The results from the analyses of the liquid drained from the ion exchanger in Fig. 1 are shown in Fig. 9 . The value on the abscissa at 0 is the content of ammonium in the liquid before ion exchange. The value on the abscissa at 1 is the content of ammonium in the first 100 ml liquid taken out from drain 1. The value on the abscissa at 2 is the content of ammonium in the second 100 ml liquid taken out from drain 2 following closure of drain 1. The same procedure was followed for drains 3 and 4. The results from the two additional measurements from drain 4 are called 4a and 4b, respectively. Now only the used clinoptilolite was active and therefore the ammonium content is higher than that of the first liquid drained from outlet 4 (point 4a) in Fig. 9 . A further 100 ml sample taken from the same outlet is shown at 4b. The ammonium content in the two additional samples does not, however, reach the level of the incoming flocculated liquid (plotted at 0 in Fig. 9 ). This indicates that the ion-exchange capacity of the clinoptilolite is not used up at this time. At the fourth drain outlet the content of ammonium is about 0)5 g NH> /l of liquid. The content of ammonium in the incoming liquid, which was treated twice with bentonite, was about 3)7 g NH> /l. From the experiments carried out at different flow rates, the greatest ion-exchange effect was seen at the low flow of 0)125 ml/s. The experiments with clinoptilolite washed with water showed no difference from the experiments with unwashed clinoptilolite.
The experiments with ground and sieved clinoptilolite were difficult to accomplish with particle sizes less than 1 mm because it was difficult for the flocculated liquid to penetrate the column. Figure 10 shows that the value of the ammonium content dropped to zero after the fourth drain outlet. This shows that the column with particles of size 1-1)4 mm was able to clean the flocculated liquid totally of ammonium. But it does not mean that the particle size of 1-1)4 mm is significantly better than the particle size of 2-4 mm because it is also possible to reach concentration zero with particles of size 2-4 mm using a higher column, which would give the necessary time of treatment.
On the whole, the experiments showed that it would be possible to remove the major part of ammonium from the flocculated liquid in this way. But the volume ratio of ion exchanger/liquid is 1 : 1, which is an unrealistically large quantity of ion exchanger, if the method is to be used in practical farming.
Ion-exchange capacity: static measurements
The CEC value was measured for various ionexchange materials. The experiments were carried out with contact times of 30 and 60 min, see Table 3 .
Clinoptilolite turned out to be the best of the various materials for ion exchange with an ion-exchange capacity for ammonium of about 0)4 equivalents per kg. According to Harben and Bates 14 and Barrer 15 the theoretically calculated capacity for ion exchange is 2)5, which is five times more than our experiments showed. However, Jørgensen et al. 16 have measured the same ion-exchange capacity for ammonium in waste water as we did in liquid pig manure. That the ion-exchange capacity is less than the theoretically calculated value, could be due to the fact that only a part of the ion-exchange capacity is specific for ammonium. The experiments showed that glauconite could be used as cation-exchange material. Although clinoptilolite has the highest cation-exchange capacity for ammonium, glauconite is preferred because it reacts much faster, particularly if other cations are removed from the glauconite resulting in a product called Agrolith. A system with continuous flow, where the exposure takes place from one end, is to be preferred compared with batchwise exposure.
The last column in Table 1 shows the CEC values for a range of clay types for ammonium in water. The values are therefore different from ammonium in liquid manure (Table 3) , but the comparison is adequate.
As the costs of ion-exchange agent form the major part of the operating expenses, it was investigated whether an alternative method with nitrification was more suitable for removal of ammonium from the liquid manure. However, our investigations showed that this method worked too slowly and was therefore too expensive compared with the results.
The experiments showed, that increasing pH will give bentonite a better CEC value, whereas decreasing pH will give better flocculating performance. Smectite, which is the active part of bentonite, has 25% higher cation capacity at pH values over 6 than below, 17 and the absorption ability is optimized by adjusting the pH value in the liquid manure to eight or more before addition of the clay mineral.
Conclusions
1. It is technically possible to flocculate the volatile solids in 14 d old liquid pig manure. Fresh liquid manure is difficult or impossible to flocculate. 2. For this purpose several types of clay minerals may be used, but some bentonite types were found to be most effective, e.g. Olst 11, Olst 12 and Geko-bentonite. 3. A dose of 0)2% by weight of active bentonite gave a good result as this is sufficient to induce adequate sedimentation and it does not result in a large volume of sediment. 4. Flocculation net downward velocity was 0)17 mm/s for a bentonite dose of 0)2%. Higher doses gave a lower velocity. 5. The flocculating capacity increased at lower pH. 6. The flocculating capacity increased at lower temperature. 7. Bentonite also has an ability for ion exchange but for removing a sufficient quantity of ammonium from the liquid fraction, it is necessary to use large quantities (10-12%), for which reason the volume of sediment will be inappropriately large. Other ion exchangers are therefore preferred for this process. Clinoptilolite showed the highest capacity for ion exchange but glauconite is preferred because of its faster reaction time.
